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ABSTRACT: In this study, fibrin was added to a photo-
polymerizable gelatin-based bioink mixture to fabricate cardiac
cell-laden constructs seeded with human induced pluripotent
stem cell-derived cardiomyocytes (iPS-CM) or CM cell lines
with cardiac fibroblasts (CF). The extensive use of platelet-rich
fibrin, its capacity to offer patient specificity, and the similarity in
composition to surgical glue prompted us to include fibrin in the
existing bioink composition. The cell-laden bioprinted constructs
were cross-linked to retain a herringbone pattern via a two-step
procedure including the visible light cross-linking of furfuryl−
gelatin followed by the chemical cross-linking of fibrinogen via
thrombin and calcium chloride. The printed constructs revealed
an extremely porous, networked structure that afforded long-term
in vitro stability. Cardiomyocytes printed within the sheet
structure showed excellent viability, proliferation, and expression of the troponin I cardiac marker. We extended the utility
of this fibrin−gelatin bioink toward coculturing and coupling of CM and cardiac fibroblasts (CF), the interaction of which is
extremely important for maintenance of normal physiology of the cardiac wall in vivo. This enhanced “cardiac construct” can be
used for drug cytotoxicity screening or unraveling triggers for heart diseases in vitro.

KEYWORDS: fibrinogen, thrombin, furfuryl−gelatin, biofabrication, 3D bioprinting, cardiac tissue

■ INTRODUCTION

Myocardial infarction, or the irreversible death of cardiomyo-
cytes (CM), is one of the leading causes of morbidity and
mortality worldwide.1 This condition, caused by the deposition
of plaque to the arterial walls that supply the heart with blood,
results in prolonged ischemia to the myocardium.2 Death to
millions of CM, and hence, the necrosis of cardiac muscle
tissue, is a direct consequence of the poor blood flow needed
to sustain cellular vitality. Furthermore, the minimal intrinsic

ability of the heart to regenerate itself following an injury

makes the condition further life-threatening as CM are

terminally differentiated cells.3 Following damage to the

myocardium, a dense collagenous scar tissue is formed by
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fibroblasts,4 limiting the contractile efficiency of the heart and
can further cause heart failure in the long term.5

Current strategies for the treatment of end-stage heart failure
include organ transplant surgeries,6 use of ventricular assist
devices,7 and cellular cardiomyoplasty,8 all of which aim to
restore the functional ability of the heart. However, tissue
engineering of CM-laden 3D printed constructs that can be
potentially implanted in vivo comes across as a better
alternative as they can be created from cells in a scaffold
material that is intended to mimic the native extracellular
matrix (ECM).9 These cell-containing scaffolds are more
readily vascularized by the host’s circulatory system and are
also cost-effective,10 can be readily engineered, and most
importantly, will reduce the probability of an immune response
as the cells may be obtained autologously from patients.11

Among a wide range of polymeric materials investigated for
their application in the fabrication of such tissue-engineered,
ECM-mimicking “cardiac constructs”, gelatin continues to be
one of the most popular materials because of its biocompat-
ibility and low immunogenicity. We had previously developed
a novel furfuryl−gelatin (gel-fu)-based bioink that was cross-
linkable by visible light for the fabrication of mono- and
bilayered bioprinted scaffolds that successfully cultured mouse
mesenchymal stem cells in the former and cocultured STO
fibroblasts and C2C12 myoblasts in the latter.12 The cells were
observed to exhibit good viability and heterocellular coupling
even after several days of culture. However, the rheology study
performed on the aforementioned scaffolds revealed an elastic
modulus of 1.7 kPa, which is significantly lower than that of the
native myocardium that has been determined to be ∼9 kPa.13

This created an immediate need for a biomaterial to be used in
tandem with gel-fu to develop a scaffold with a modulus closely
mimicking the mechanical properties of the native heart tissue.
The extensive and widespread usage of fibrin as a surgical
sealant14 and as tissue engineering scaffolds15 made it the most
natural choice to be incorporated as an additive for the
development of a cardiac construct. The present study
incorporates fibrin into the previously mentioned gel-fu-
based bioink to test its feasibility as a scaffold for the culture
of CM as it is known to promote vascularization,16 envisioning
a future in vivo application of this laboratory-engineered
cardiac construct.
The fibrin−gelatin-based bioink was used to print square-

shaped constructs laden with human CM. The preparation of
the fibrin−gelatin bioink and the fabrication of the square-
shaped 3D constructs have been described under the Materials
section. The printed constructs were subjected to a dual-step
cross-linking process, first by subjecting them to visible light to
facilitate the cross-linking of the gel-fu, followed by the
addition of a thrombin−CaCl2 solution to the samples to
induce the cross-linking of fibrinogen to fibrin. The acellular
scaffold was characterized using material analysis techniques, as
done previously.12 This fibrin−gelatin-based bioink was used
to bioprint human induced pluripotent stem cell (iPSC)-
derived CM or human CM cell lines to show their
cytocompatibility. Next, we investigated the ability of this
substrate to promote heterocellular coupling between bio-
printed human cardiac fibroblasts (CF) and CM to validate the
applicability of this scaffold toward mimicking cardiac tissue,
often classified by the presence and crosstalk of these two
essential cell types.

■ MATERIALS AND METHODS

Materials. Furfuryl−gelatin17,18 and fibrinogen19 solutions ranging
from 10 to 60 mg/mL were prepared as described in previous studies.
Rose Bengal (RB) was procured from Thermo Fisher Scientific
(Waltham, MA, USA). Furfuryl−gelatin or gel-fu was prepared by
homogeneous addition of furfuryl glycidyl ether to a porcine gelatin
solution, as detailed in the Supporting Information.

Biofabrication. For biofabrication, an Allevi 2 (formerly the
BioBot 1, Allevi, Philadelphia, PA, USA) was used. To make 1 mL of
the bioink, 990 μL of fibrinogen solution (60 mg/mL) was mixed
with 155 mg of gel-fu at 25 °C. The mixture was then heated at 37 °C
for 1 h with stirring to facilitate the formation of a homogeneous and
viscous mixture. RB (10 μL) was subsequently added as a
photosensitizer and mixed homogeneously with the existing bioink
mixture.17,20

Optimization of the fibrinogen solution concentration and the gel-
fu amounts for making the bioink is described in Table 1 below.

The concentration of fibrinogen solution used in the present study
(60 mg/mL) was based on a previous study conducted by Cui and
Boland.21 This study had shown that the best polymerization result
obtained via bioprinting was observed with 60 mg/mL fibrinogen, 50
units/mL thrombin, and 80 mM CaCl2. Cells were added to this
bioink mixture as described later in the Biocompatibility section.
These results served as the basis for our present study21 as lower
concentrations of fibrinogen solution (50 mg/mL) did not yield
bioinks that were printable.

The bioink mixture was loaded into a 10 mL plastic syringe (BD,
Franklin Lakes, NJ, USA) fitted with a stainless steel blunt-tip
dispensing needle (Huaha, Amazon, USA) and extruded using a low
extrusion pressure (18−25.5 kPa). Patterns printed using this bioink
were designed using SolidWorks (Concord, MA, USA) and saved as
.stl files. The structures were square-shaped having dimensions of 1
cm × 1 cm and a thickness of 500 μm and were printed on 100 mm ×

15 mm Petri dishes (ThermoFisher). The .stl file used for printing
was uploaded to the Repetier Host program available via the Allevi
server, which converted it into a G-code. The G-code file was then
uploaded and used to print structures, which were subjected to a dual-
step cross-linking process, first by exposing them to 400 nm
wavelength visible light for an optimized duration of 2.5 min at
100% intensity (IntelliRay 600, Uvitron International, West Spring-
field, MA, USA) based on our previous study.12 Second, the chemical
cross-linking of fibrinogen into fibrin was induced by exposing the
printed constructs to a 1 mL solution composed of 900 μL of 80 mM
CaCl2 and 100 μL of thrombin in PBS at a concentration of 50 units/
mL for ∼20 min.

Material Characterization of the Printed Acellular Struc-
tures. Scanning Electron Microscopy. Images of the dried gels were
obtained following previously published procedures.22 The sample
used for the imaging of the cross sections was synthesized, dried
overnight in a chemical fume hood, and visualized using a table-top
scanning electron microscope (SEM; TM-1000, Hitachi, Japan) at a
voltage of 15 kV at 10,000× magnification. The images acquired were
analyzed using ImageJ to determine the average pore size of the
samples assessed.

Swelling Assay. The hydration behavior of the hydrogel was
studied by performing a swelling assay. Initially, the gels were allowed
to swell to equilibrium for 5 days in Dulbecco modified Eagle’s
medium (DMEM, pH = 7, 25 °C), following published protocols.22

Three identical printed structures were cross-linked and stored at −80
°C overnight before being freeze-dried using a VirTis BenchTop Pro
Freeze Dryer with Omnitronics (SP Scientific, Warminster, PA, USA).
These freeze-dried samples were weighed (W0) and immersed in
DMEM, and their swollen weights (Wt) were monitored periodically
after every 24 h for 5 days. The swelling ratio was calculated using eq
1, where Ds is the degree of swelling.22

=

−

D
W W

W
s

t 0

0 (1)
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Rheology. To perform the rheometric analysis, gels were made and
cut out using biopsy punches (∼1 mm deep, 8 mm diameter) for
testing. The gels were allowed to swell in 1× PBS for about an hour
before testing. An Anton-Paar MCR101 rheometer (Anton-Paar,
Graz, Austria) with an 8 mm parallel plate geometry was employed to
perform oscillatory shear stress rheometry (1% strain, 0.5−50 Hz).
The strain and frequency range analyzed by frequency sweep were
within the linear viscoelastic range of the gels tested. Complex shear
modulus was calculated as a function of the storage and loss moduli,
and the complex viscosity was measured at 1.99 Hz for all samples, as
done before.23 Furthermore, the viscoelastic behavior of the gels was
evaluated from 0.05 to 500 Hz, but the elastic modulus was
determined through a shorter sweep from 0.5 to 50 Hz.

Fourier Transform Infrared Spectroscopy Analysis. Fourier
transform infrared spectroscopy (FTIR) was used to reveal
information about the dual cross-linked structure after exposure to
visible light irradiation and the thrombin−CaCl2 solution, in
comparison with the control sample that is composed of the gel-fu
and fibrinogen solution mixed together but not exposed to visible
light nor cross-linked with thrombin−CaCl2. A PerkinElmer Spectrum
100 Universal ATR Sampling Accessory within the range of 650−
3650 cm−1 in the transmittance mode was used to acquire the
attenuated total reflectance (ATR)-FTIR spectra of the representative
samples, as was done before.24 Spectral analysis software GRAMS/32
(Galactic Industries Corp., Salem, NH, USA) was used to perform
spectral manipulations. An s-polarized beam at an angle of incidence
of 40° and a mercury cadmium telluride (MCT/A) detector were
used to record the external reflection FTIR on a Specac grazing angle
accessory. The background consisted of a Piranha-treated silicon
wafer.

Cell Culture, Characterization, and Viability in Bioprinted
Constructs. Human induced pluripotent stem cell (iPSC)-derived
cardiomyocytes (CM) were obtained from Axol Bioscience (U.K.),
and human CM AC16 cell lines (ATCC) were cultured and stabilized
prior to experiments. For the human iPSC-derived CM, cells were
bioprinted and cultured for a day to test the compatibility of this
technique and the bioink materials toward primary cell culture,
viability, and retention. About 2 × 105 cells/mL were added and
printed within casted 3D patterns and cultured in an incubator (37
°C, 5% CO2). Controls seeded in 2D wells (24 wells) received 5 ×

104 cells/mL. This difference in cell seeding density was because cells
in 3D structures had to spread over a larger volume compared to their
2D controls. After 24 and 72 h, respectively, the cultures were
analyzed using a Live/Dead assay (Thermo Fisher Scientific,
Waltham, USA) with Calcein AM (green) that stained the live cells
and ethidium homodimer (red) that stained the dead cells. After 24 h
of culture, the cell-laden constructs were processed for immunochem-
istry and stained with antibodies against troponin T (Anti-Cardiac
Troponin T antibody [1C11], Abcam, MA, USA) to validate their
functionality and cardiac-specific characteristics in bioprinted
constructs (as detailed in the Supporting Information).

A similar procedure was employed for the human CM AC16 cells
that were seeded and then subjected to the Live/Dead assay. All Live/
Dead stained cells were then imaged using a confocal fluorescence
microscope (Olympus IX81 inverted fluorescence motorized micro-
scope, Japan) to confirm the retention of viable cells within the
bioprinted structures.

To validate the cardiac smooth muscle specificity of the human CM
AC16 lines, the cells were immunostained with Myocardin (Myocd,
Novus Biologicals, 1:200) antibody to confirm their phenotype as well
as their sarcomeric organization. Additionally, we confirmed the
integrity of the CM by co-immunostaining with a characteristic
cardiac biomarker, troponin T (TrpT, Cell Signaling, 1:300).

Biocompatibility. To check the biocompatibility of the fibrin−
gelatin-based bioink, human CM that were encapsulated in this
mixture for printing were probed for their expression of troponin I, a
cardiac marker after sustained in vitro culture. At the end of culture,
the cells in bioprinted constructs were fixed with 4% paraformalde-
hyde (Sigma) for 15 min (25 °C). Post fixation, these cell-laden
constructs were permeabilized with 0.2% Triton X-100/PBS for 1 h.T
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After blocking with 1% normal goat serum (NGS/PBS, Sigma)
overnight at 4 °C, the samples were incubated with a rabbit polyclonal
antibody to troponin I (at a dilution of 1:1000, 24 h at 4 °C) followed
by an anti-rabbit secondary antibody at a concentration of 1:4000 (2 h
at 25 °C) (Thermo Fisher Scientific). The samples were then washed
thrice with 1× PBS, mounted using Fluoromount-G with DAPI
(ThermoFisher Scientific), and imaged using a confocal fluorescence
microscope (Olympus IX81 inverted fluorescence motorized micro-
scope, Japan). Acquired images were processed using ImageJ to assess
the preferential cell orientation along the printing direction in
comparison with nonbioprinted samples (as detailed in the
Supporting Information).
To confirm viable cell encapsulation within the bioprinted

constructs, prior to addition in the bioink mixture, the CM were
labeled with PKH26 red fluorescent membrane staining dye (Sigma),
as done before,12 and imaged after 24 h of culture without fixing the
cells in the gel samples using a confocal fluorescence microscope
(Zeiss).
To assess the cytotoxicity of the Rose Bengal in the bioink, cell

viability was determined and tracked over a period of 5 days, as
explained in the Supporting Information.
Coupling of Human Cardiomyocytes and Fibroblasts in

Vitro. Human CM (AC16) and adult human fibroblasts (Cell
Applications Inc.) were cultured and passaged using complete growth
media for the respective cell types, following vendors’ suggested
protocols. For the coupling experiment, cells from early passages (3−
4) were used. The sample groups included both 3D printed gels and
2D tissue culture wells. For both wells and gels, cells were coupled in
a ratio of CM/CF (1:1) based on the published literature.25 Prior to
addition in the bioink mixture, the CM were labeled with PKH26 red
fluorescent membrane staining dye, and the CF were labeled with
PKH67 green dye (Sigma), as done before.12 Cells were mixed in the
desired ratios, while the cell seeding density was maintained at 1 ×

104 cells/mL for the 2D wells and 2 × 105 cells/mL for the 3D gels.
Since the 3D gels provided more surface area for cell attachment and
growth compared to the 2D wells, the cell density for these respective
substrates were altered accordingly. For the 3D gels, cells were mixed
in the bioink, and the gels were printed and cross-linked as described
earlier. After 24 h of culture, cells were counterstained with DAPI and
imaged using a confocal microscope. Controls included CM
prestained with PKH26 and CF, prestained with PKH67, and seeded
in wells. All cells were incubated with DAPI prior to imaging.
Representative fluorescent images were acquired using a confocal
microscope (Nikon). In addition, viable and nonfixed cells were also
used to confirm heterocellular coupling between CM and CF. The
CM were prestained with PKH26, and the CF were prestained with
PKH67, as explained above. For biofabrication of a grid structure (5

mm × 5 mm), two separate bioink mixtures with 1 × 107 cells/mL
were made using CM and CF and printed into a lattice pattern using a
BioBot 1 (Allevi, USA). Controls included cells randomly mixed in
gels and cross-linked. Since CF are known to electronically
communicate between groups of CM via junction connections
established through Cx43,26 to confirm their heterocellular coupling,
they were cultured in a 1:1 ratio for a total of 6 h with and without the
addition of Gap26, a Cx43 inhibitor.27 Specifically, to confirm the
effects of the Cx43 blocker, Gap26, a dose optimization study was
done utilizing 15, 30, and 50 μM of this inhibitor compound on the
heterocellular coupled cultures.28 Cells (CM−CF) cultured without
the addition of Gap26 served as controls in this experiment. In
addition, CM only, cultured with and without the addition of Gap26,
were stained for Cx43 and served as additional controls. The cultured
constructs were processed to isolate individual sections that are 8−10
μm thick (as detailed in the Supporting Information). These sections
were immunostained as done previously29 and probed with FSP-1
(for CF, 1:400, Sigma), troponin I (for CM, 1:400, Thermo Fisher),
and Cx43 (1:500, Cell Signaling) antibodies. This was followed by
addition and incubation with either goat anti-rabbit IgG secondary
antibody/Alexa Fluor 594 or goat anti-mouse IgG secondary
antibody/Alexa Fluor 488 conjugate, both of which are applied at a
dilution of 1:1000. Cocultures of CM and CF were immunostained
with troponin I and FSP-1 to identify individual cell types, either CM
or CF as controls. The samples were then washed thrice with 1× PBS,
mounted using Fluoromount-G with DAPI (Thermo Fisher
Scientific), and imaged using a confocal fluorescence microscope
(Nikon). Acquired images were processed and analyzed using NIS
elements (Nikon) to obtain the signal intensity for the expression of
Cx43 across various samples cultured with and without the addition of
Gap26.

In addition, to compare the quantified expression of Cx43 in CM in
bioprinted versus nonbioprinted controls, samples were also stained
for Cx43 and imaged as described above.

Statistical Analysis. All samples were present in groups of three,
unless otherwise specified. Data are represented as the mean ±

standard deviation. Comparison of the means of two independent
samples was performed by t-test (IBM SPSS) to determine if the
averages of any two of the sample datasets compared showed
significant difference in their values. P < 0.05 was considered
statistically significant. The datasets generated during and/or analyzed
during the current study are available from the corresponding author
upon reasonable request.

Figure 1. Gross morphology of the structure printed using a fibrin−gelatin gel. (A) .stl file image. (B) Representative SEM en face image of a
characteristic 3D printed pattern. (C) Herringbone construct casted with the bioprinter.
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■ RESULTS

The square structure was constructed using CAD software and
converted into an .stl file, which we adopted to print the
fibrin−gelatin-based cardiac constructs (Figure 1A). The .stl
file shows the herringbone pattern, so named due to its
resemblance to the cardiac muscle tissue.30 The gross
morphological en face SEM image of a 3D printed square
pattern fabricated using the fibrin−gelatin bioink was captured
as shown in Figure 1B. The architecture of the design was
maintained through a dual cross-linking procedure, as
described earlier. An actual pattern deposited by the 3D
bioprinting process is also shown (Figure 1C).
Specifically, the bioprinted cell-laden construct was irradi-

ated with 400 nm visible light for 2.5 min at 100% intensity
(IntelliRay 600, Uvitron International, West Springfield, MA,
USA) based on parameters optimized during our previous
study.12 Right after, thrombin−calcium chloride (CaCl2)
solution was cast on the structure for 20 min to chemically

cross-link fibrinogen into fibrin. A representative cross-
sectional image of a printed square pattern generated by
SEM as shown in Figure 2A indicated a porous geometry with
interconnected pores that appeared to be well distributed and
equal-sized. A representative cross-sectional image of a gel-fu-
based rectangular printed pattern generated by SEM is shown
in Figure 2B for comparison. The average pore diameter (end-
to-end length) was determined to be 9.54 ± 0.98 μm for the
fibrin−gelatin-based constructs in comparison with 15.62 ±

3.05 μm for the gel-fu patterns. These values were significantly
different, with P = 0.0032. Enhancing the cross-linking density
of gelatin using fibrin would decrease its porosity compared to
gelatin,31 which is implied by our results. However, the average
pore size of these scaffolds is in the permissible range for
cardiovascular tissue engineering and angiogenesis.32,33 A
comparative analysis of the average pore sizes of the fibrin−
gelatin-based square pattern and the gelatin-based rectangular
sheet that was fabricated in our previous study12 was
performed (Figure 2C).

Figure 2. SEM analysis for pore size estimation. (A) Representative SEM image of the edge of a characteristic fibrin−gelatin film. At least five
representative images were acquired per sample and used to determine the average pore size depicted in (C), in comparison with the gel-fu (f-
gelatin) structures as depicted in (B). (C) Plot comparing the average pore diameters for the fibrin−gelatin (current study)- and f-gelatin (gel-fu;
previous study12)-based constructs. The average pore diameters of the fibrin−gelatin films were significantly reduced (*P < 0.05) in comparison
with gel-fu patterns from our previous study.12 In (A), the scale bar corresponds to 50 μm, and in (B), it corresponds to 20 μm.

Figure 3. Swelling analysis. Degree of swelling (mean ± SD) for a characteristic fibrin−gelatin-based pattern (blue circles) for over a period of 5
days for which the maximum degree of swelling was attained at day 4, significantly greater (*P < 0.05) than what was seen at previous time points.
Beyond day 4, until day 5, the degree of swelling apparently reached equilibrium as these values did not seem to bear any statistical differences
when analyzed. For comparison, a characteristic swelling degradation curve from a construct made with gel-fu (orange circles), as reported in our
previous study,12 is also included as controls.
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These results led us to conclude that the pore size of the
fibrin−gelatin-based structure was slightly reduced in compar-
ison to the previous study,12 which may be attributed to the
herringbone pattern, the addition of fibrin, and the dual cross-
linking chemistry adopted in this study.
The swelling behavior of the printed structures when the

samples were submerged in cell culture media is depicted in
Figure 3. Results showed that the maximum swelling of the
tested samples occurred after 96 h (4 days) after which the
scaffolds had reached an equilibrium swelling degree. This time
point was achieved much later compared to our previous study
wherein samples reached equilibrium swelling ratios after only
24 h (1 day) in culture (p = 0.02).12 This proves that the dual
cross-linking scheme led to the generation of constructs with
enhanced structural fidelity compared to our previously
published study.12

Rheometric analysis performed on discs acquired from the
fibrin−gelatin printed structures yielded results, as shown in
Figure 4. Amplitude and frequency sweeps were performed to

determine if the strain and frequency range were within the
linear viscoelastic range of the gels. As shown in Figure 4A, the
elastic modulus was found to be 9.76 kPa, which is comparable
to that of the native myocardium.13 The complex viscosity
calculated at an angular frequency of 1.99 Hz was 1.63 Pa·s.
The average storage and loss moduli for the tested samples
(samples #1 and #2) were determined (Figure 4B). The higher
storage modulus in both cases indicates that the elastic
behavior of the gel predominates over its viscous nature,
characteristic of a stably cross-linked hydrogel.23

Fourier-transform infrared (FTIR) spectra of the fibrin−
gelatin printed constructs were analyzed to validate the
formation of the cross-linked composite, as presented in
Figure S1A. Peaks for fibrin appeared at ∼1636, 1533, and
1238 cm−1, characterizing the protein’s amide I, amide II, and
amide III vibrations, respectively.34−36 In addition, the CH2

deformation in the protein’s structure is seen at ∼1451 cm−1

with amino acid side-chain vibrations appearing at ∼1400
cm−1, similar to the published literature.36 The f-gelatin
vibrational mode corresponding to the CO stretching is
found near 1636 cm−1 and N−H and C−N stretching modes
at 1530 cm−1. The deformation of the CH bond in the
furan ring is shown at ∼920 cm−1, similar to the published
literature.37 A broad band corresponding to the N−H
vibrational mode is observed at 3282 cm−1.
The spectra from two controls, namely, spectra (a) showing

signatures for the non-cross-linked gelatin−fibrinogen compo-
site and spectrum (b) showing only photopolymerization of

the f-gelatin component are also illustrated in Figure S1B.
Although no major differences can be seen between the raw
composite mixture and the photopolymerized mixture, the
cross-linking of fibrinogen into fibrin is confirmed by the
appearance of the vibrational mode of C−N stretching at
∼1150−1000 cm−1, similar to the published literature.38

A Live/Dead assay was performed by incorporating both
human iPSC-derived CM and human CM separately during
the 3D printing of the fibrin−gelatin-based constructs (Figure
5A and Figure S2) to confirm if human induced pluripotent
stem cell (iPSC)-derived CM (Axol Bioscience, UK) and CM
cell lines (adult human ventricular CM, AC16, ATCC) could
withstand the extrusion printing and cross-linking phenomen-
on. Human iPSC-derived CM having a short shelf life made it
necessary to employ the human CM cell lines additionally to
confirm the results exhibited by the primary cultures used.
These human CM cell lines exhibited a sarcomeric structure
when probed using appropriate biomarkers, confirming their
functional and morphological resemblance with human
cardiomyocytes (Figure S3).
The Live/Dead assay performed on human CM cell lines

printed within the fibrin−gelatin-based constructs and imaged
after a duration of 5 days of culture is depicted in Figure 5A
along with 2D culture controls (Figure S4A). The character-
istic images of human iPSC-derived CM, which were
bioprinted within fibrin−gelatin patterns and imaged using
the Live/Dead assay, are included in Figure S2A,B. Troponin
T staining (red) validated the presence of cardiac myocytes
within the bioprinted constructs (Figure S2C). Further, the
human CM cell lines that were bioprinted within the fibrin−
gelatin-based constructs and stained with troponin I39 and
DAPI were imaged after 5 days (Figure 5B). Troponin I is a
marker used to positively stain and characterize CM expression
in cultures.39 It was observed that there was an increased
number of cells, confirming the biocompatibility of the fibrin−
gelatin-based gel with the human CM encapsulated within
printed constructs (Figure 5B). The characteristic 2D controls
for troponin I-stained images of human CM cell lines, which
were cultured in tissue culture wells and imaged after 24 h,
respectively, are shown in Figure S4B. Figure 5C depicts viable
human CM imaged within fibrin−gelatin printed patterns after
24 h of culture. Cells were seen to align along the herringbone
pattern and form networks, as seen in the representative image
in Figure 5C. On the contrary, nonprinted controls for cells in
gels shown in Figure S4C do not exhibit any pattern in cell
alignment. Moreover, the thickness of the gel cannot be
controlled when casted manually, which hinders with the visual
detection of the encapsulated cells (Figure S4C). Thus, the
herringbone pattern was specifically advantageous as cells were
guided by the herringbone design to form networks that may
eventually lead to cardiomyogenesis.
In all the confocal microscopy images that were obtained

post Live/Dead assay (Figure 5A), the percentage of dead cells
(8 ± 4%) was found to be negligible as compared to the live
cells (92 ± 3%) (Figure 5D). These values were significantly
different with p = 0.0012. These trends did not alter after 72 h
when the percentage of dead cells was estimated to be 10 ± 5%
compared to the live cells at 98 ± 4%. Overall, both human
iPSC-derived CM and CM cell lines could withstand the
extrusion printing and dual cross-linking phenomena, as
depicted by our results. The minimal extent of cell death
observed in our study implied that the bioink material and the
printing parameters used did not pose any harmful effect to the

Figure 4. Rheology analysis of fibrin−gelatin-based square structures.
(A) Representative storage and loss moduli and complex viscosity
from one characteristic gel sample. Therefore, it does not have error
bars. (B) Average storage and loss moduli for similar sample patterns
(#1 and #2, n = 2) analyzed during rheological characterization.
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encapsulated cells and can support the cell viability without

disrupting the constructs, on the basis of past research.40−42

These results were confirmed from cell proliferation estimation

(human CM lines) where the characteristic cell count was

found to be 2.82 × 105 and 9.6 × 105 cells/mL after 24 and 72

h, respectively, in the 3D printed constructs, with respect to

the 2D culture systems (controls) where the cell density

increased from 1.24 × 105 to 4.34 × 105 cells/mL for the same

Figure 5. Cell retention, viability, and proliferation. Characteristic images of human CM cell lines that were bioprinted within fibrin−gelatin
patterns and (A) imaged using Live (green)/Dead (red) assay and (B) stained with troponin I antibody (red) and DAPI (blue) after 5 days of
culture. In (A), the scale bar depicts 200 μm, and in (B), it is 100 μm. (C) PKH26 (red)-prestained cells bioprinted using a herringbone design
were seen to align along this pattern after 24 h of culture in a maximum intensity projection of a Z-stack of confocal microscope images. Scale bar
depicts 250 μm. (D) Quantification of cell viability estimated by Live/Dead assay and (E) the extent of live cell proliferation in samples.
Statistically significant differences are denoted by an asterisk (*P < 0.05).

Figure 6. Heterocellular coupling of CM and CF. (A) Human CM (prestained using PKH26, red) and CF (prestained using PKH67, green)
coupled in 2D wells in the ratio of CM/CF (1:1) shown by white arrows and dotted lines. (B, C) Images of controls for either CM or CF (in 2D
wells). (D) Results of heterocellular coupling between prestained CM (red) and CF (green) from 3D bioprinted constructs. Nonprinted controls
that included cells mixed in gels are shown in Figure S5. The white dashed lines in (D) denote that the cells are confined to their printed patterns.
However, these samples were fixed prior to DAPI staining, and the cells were not viable during imaging. To confirm heterocellular coupling using
viable cells, we report results in Figure 7. (E) Intensity values within the white dotted lines in a bioprinted sample (black line) versus a
nonbioprinted sample (gray line). The average intensity values for the bioprinted samples exhibited more frequent peaks with respect to distance,
depicting a higher frequency of cells present in the preferred orientation compared to samples that were nonbioprinted.
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duration (Figure 5E). The cells seeded in the fibrin−gelatin
scaffolds were found to proliferate equally as the cells cultured
in the 2D culture systems, implying that the fibrin−gelatin
scaffolds were favorable for the cells and directed cellular
growth and proliferation (Figure 5E).
The presence of in vitro heterocellular coupling between the

two cell types, namely, electrically excitable cardiomyocytes
(CM) and the nonexcitable cardiac fibroblasts (CF), is a
relatively well-known and established phenomenon.43−45 It is
understood that CF act as long-distance conductors and can
electronically bridge gaps between groups of CM via gap
junctions and connections established by Cx43, the loss or
reduced expression of which is linked to fibrosis due to
enhanced fibroblast activity. This kind of excitation−
contraction coupling is responsible for contractile activity in
the cardiac muscle.46 We were interested in simulating the
dynamics of this in vivo heterocellular coupling phenomenon
between CF and CM using this fibrin−gelatin-based bioink in
vitro. We applied this fibrin−gelatin-based bioink to perform a
coupling experiment using human CM and CF when both cell
types were present in equal proportions. The coupling
experiment performed using human CM and CF seeded in
tissue culture wells and in the bioprinted constructs yielded
images, as shown in Figures 6 and 7, following 24 h of
incubation. These representative images of coupling are
comparable to those found in the existing literature.26,47

Images shown in Figure 6A,D are derived from coupling
experiments of CM/CF (1:1) imaged in 2D wells and in 3D
bioprinted gels, respectively. Nonprinted controls that included
cells mixed in gels are shown in Figure S5A. We noted the
characteristic elongated and rod-shaped morphologies of the
CM (Figure 6A). Furthermore, viable cell behavior and
heterocellular coupling of CM and CF were confirmed by
results depicted in Figure 7 as nonfixed cells were used for
imaging in this case. In fact, cells (CM−CF) present in
nonbioprinted samples embedded in bulk did not show any
preferential pattern, showing a random cellular orientation
(Figure S5B−E), as also supported by a published work.48 On
the contrary, 3D bioprinted cell clusters revealed a higher long-
range cellular organization (Figure 6D and Figure S5F−I).
Figure 6E shows a comparison of plotted average intensity

values representing cell density and cell orientation within the
zone marked by the white dotted lines (in Figure 6D) in a
characteristic bioprinted sample (black) versus a non-
bioprinted sample (gray). The average intensity values for
the bioprinted samples (black) exhibited more frequent peaks
within the range depicted, indicating a higher frequency of cells
present in the preferred orientation compared to samples that
were nonbioprinted (gray) (Figure 6E).
Since the CM were coupled with CF, resulting in the

establishment of junctions possibly leading to secretion of
ECM, this may have caused the change in the morphology to a
more typical rod shape for the CM (Figures 6A and 7), as
characterized in vivo.49 These results very strongly imply that
CM and CF can be coupled in vitro, enabling their interactions
to be probed to study the resultant downstream effects, which
may play a key role in development and disease conditions.
Very interestingly, we also observed that a greater number of
cells per unit area exhibited coupling in the 3D gels compared
to the 2D wells as the gels allowed more range for the cells to
communicate and interact, mimicking a physiologically
relevant environment (Figures 6D and 7). This observation
lays the foundation and provides justification for a 3D
bioprinted model for making organoids that are made up of
two to three different cell types to mimic complex in vivo
tissue physiology.
Heterocellular coupling between CM and nonexcitable CF

has been known to occur via specific adhesion junctions such
as connexin-43 (Cx43).46 To confirm this pathway in our
study, the CM and CF cultured in a 1:1 ratio were stained with
troponin I, a specific CM marker,50 and fibroblast-specific
protein 1 (FSP-1), a specific fibroblast marker, which showed
uniform coupling of these two cell types. As adhesion junctions
between CM and CF are a critical factor in cell−cell
interactions, the cultures were stained for Cx43 to confirm
the heterocellular coupling in these cells (Figure 8A−F). To
confirm their heterocellular coupling in the absence of Gap26,
cocultures of CM and CF were immunostained with troponin I
and FSP-1, which enabled identification and confirmation of
phenotypes for these cells (Figure S6A,B). In addition, the
expression of Cx43 from CM only with and without the
addition of Gap26 is shown in Figure S7.
The effects of a dose-dependent inhibition of the

heterocellular coupling between CM and CF by applying
various concentrations of Gap26, a Cx43 inhibitor,27 were
observed (Figure 8B,C,E,F). Briefly, among a dose range of 15,
30, and 50 μM, the dose of 15 μM Gap26 showed significant
reduction in the expression of Cx43 and inhibition of cell−cell
coupling, which was linearly dependent on the dose of Gap26
(Figure 8B,E,G). The results from 15 and 30 μM Gap26 are
depicted in Figure 8C,F,G), while 50 μM data is not shown.
Controls that did not receive any Gap26 (no treatment) show
significant expression of Cx43 (Figure 8G, P < 0.001) and
cell−cell coupling (Figure 8A,D and Figure S6A,B). Specifi-
cally, in these no-treatment images, we found evidence of long-
distance intercellular connectivity between CM and CF
(depicted with an arrow in Figure 8A), which is believed to
be mediated by membrane nanotubes.51 Furthermore, we
found evidence of CF coupling atop CM and adjoined with a
neighboring CF (Figure 8A), which pointed toward a “double-
sided coupling”, as described in the literature.46 This double-
sided coupling refers to cardiac fibroblast connections that
interlink cardiac myocytes, which are not directly coupled
electrically.46

Figure 7. Heterocellular coupling of nonfixed CM and CF in 3D
bioprinted gels. Viable and nonfixed cells used to confirm
heterocellular coupling between CM and CF. (A) Schematic of a
lattice grid pattern for coculturing of CM (red) and CF (green). (B)
Human CM (red) and CF (green) coupled when confined to two
adjacent line patterns (as denoted by white dashed lines). (C)
Representative cell coupling in junctions of the grid pattern. Although
cell coupling may be occurring in cells mixed and cross-linked within
gels, it is very difficult to confirm in samples, which are not patterned
distinctively using bioprinting, as shown in Figure S5. Scale bars
depict 10 μm.
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Connexin-43 (Cx43; red) expression was also compared and
quantified across AC16 cardiomyocytes, either 3D bioprinted
or in controls prepared by randomly mixing cells in gels and
cross-linking them. We found that the 3D bioprinted samples
expressed a distinct pattern of cell alignment and connectivity
that enhanced the expression of Cx43 in these samples (Figure
S8). It is well known that the cell alignment and function of
cardiomyocytes are extremely important for the proper
function of cardiac tissue and maintenance of normal cardiac
physiology. Therefore, our results strongly imply that adopting
3D printing clearly poses irreplaceable benefits on mimicking
the native tissues structure and function, which is clearly
lacking in controls (Figure S8).
Finally, we report on the effects of RB on cell-encapsulated

hydrogels in this study (Figure S9). Although RB was gradually
released from the f-gelatin-based hydrogels, the cells exhibited
a growth behavior similar to controls, and no significant
toxicity was observed. Almost all the cells exhibited green
fluorescence derived from calcein AM when stained after 24 h
of culture, indicating cell viability in the presence of RB. These
observations confirmed that the RB released from the f-gelatin
hydrogels imposed no significant influence on the cell viability.

■ DISCUSSION

Bioprinting is a versatile approach that can be applied toward
fabricating structurally complex scaffolds,52 targeted drug
delivery,52 disease modeling,53 and drug screening.54 We
have employed 3D bioprinting to encapsulate physiologically
high cell densities to mimic in vivo cell densities within
rectangular cell-laden structures,12 while others have focused
on employing 3D printing to mimic complex geometries.55

Furthermore, we were also successful in printing bilayered
sheets with dissimilar cell types separately encapsulated in the
top and bottom layers, which added uniqueness to our
approach and enabled us to mimic multilayered tissues present
in vivo.
Prior to 3D bioprinting being widely adopted by many,

cardiac patches were fabricated using other methods such as
using PDMS molds used by Zhang et al. to culture fibrin-based
cardiac patches laden with human embryonic stem cell-derived
CM.56 Although tissue engineering of a cardiac patch was
attempted previously via 3D bioprinting by others,57,58 we
were the first to utilize a naturally derived, visible light-curable
mixture of furfuryl−gelatin and hyaluronic acid (HA)12 for
bioprinting this cell-laden construct. Other groups have

engineered composite hydrogels using two naturally derived
biopolymers, gelatin and tropoelastin via visible light-induced
cross-linking, for wound healing applications.59 Visible light-
induced cross-linking does not induce DNA alterations,
causing immunosuppression in vivo, or have any detrimental
effects on the cell viability, as was observed in previous studies
that employed techniques such as UV cross-linking60−62 and
chemical cross-linking,63,64 making it a safer alternative.
However, in our previous study, the optimized bioink mixture
consisting of gel-fu and hyaluronic acid (HA) revealed an
elastic modulus of only 1.7 kPa for the cross-linked gels.
Although this allowed us to encapsulate multiple cell types
within different layers, the mechanical stiffness of the substrate
is not well matched to be used as a cardiac tissue-mimicking
scaffold.65

The bioink that was used in the current study was
formulated by incorporating a fibrinogen solution in addition
to the gel-fu, HA, and Rose Bengal (RB) mixture that was used
in our past work.12 However, HA was excluded from this study
as it was not chemically cross-linked within the bioprinted
constructs.12 The urge to apply a fibrinogen-based bioink was
derived from the extensive use of platelet-rich fibrin (PRF).66

Platelet-rich plasma (PRP) is a concentrate of platelet-rich
plasma protein with an increased concentration of autologous
platelets that form a suspension in plasma after centrifuga-
tion.67 Platelet-rich fibrin (PRF) is a second-generation PRP
where autologous platelets and leucocytes are present within a
complex matrix of fibrin with wide-ranging applications in
tissue engineering, owing to its ability to accelerate soft and
hard tissue healing.66 Although both PRP and PRF are patient-
specific as they are both derived from the patients’ own blood,
PRF is considered to be superior due to its slow polymer-
ization during centrifugation, fibrin-based structure, ease of
formulation, and minimal cost.66 Recently, it has been
extensively used in biomedical applications such as in wound
healing,68 in dentistry,69 and as a surgical sealant.70 Its
widespread use and its ability to offer patient specificity
prompted us to include fibrinogen in our bioink as a matrix
biomaterial. A prior study has established the efficacy of
employing fibrin glue as an injectable scaffold that could
preserve the infarct wall thickness and the cardiac function
following myocardial infarction in rats and may be useful as a
biomaterial scaffold in myocardial cell transplantation.71 Some
other studies have also validated the utility of fibrin-based
scaffolds for delivering CM to the myocardium.72−76 Thus, we

Figure 8. Confirmation of heterocellular coupling between CM and CF. (A−C) Cocultured cells immunostained with Cx43 (red), FSP-1 (green),
and DAPI (blue) with no Gap26 treatment (A) and with 15 μM (B) and 30 μM Gap26 (C). (D−F) Cocultured cells immunostained with Cx43
(red), troponin I (TRP I, green), and DAPI (blue) with no Gap26 treatment (D) and with 15 μM (E) and 30 μM Gap26 (F). Scale bars in (A)−
(F) are of the same size and correspond to 50 μM. (G) Average signal intensity of Cx43 expression in cultures with no Gap26 treatment and with
15 μM (B) and 30 μM Gap26.
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anticipate that this fibrin−gelatin-based cardiac construct can
be made by using patient-derived PRF in the future, thereby
reducing the possibility of immunorejection and favoring rapid
in vivo implantation. In addition, the gel-fu is visible light-
cross-linkable that facilitates prompt application17,20,77 and has
been shown to be well tolerated in vivo.20 Biofabrication of this
composite cell-laden construct via bioprinting will enable the
addition of desired cell types, densities, and multilayered
configurations of multiple cell types, which are not feasible by
other methods. However, fibrin by itself does not possess the
necessary mechanical stiffness for tissue engineering applica-
tions, thereby necessitating the need to incorporate another
component while developing the bioink. So, imparting
structural integrity and better mechanical properties through
a dual-step cross-linking method, including a first visible light-
induced cross-linking (gel-fu and RB) followed by chemical
cross-linking (fibrinogen with thrombin−CaCl2), is a novel
approach that has been never adopted before. This dual cross-
linking procedure yielded an elastic modulus of 9.6 kPa, which
closely resembles that of the native myocardium.13 Prior
studies with fibrin have incorporated chemical cross-linkers
such as genipin15,78 and glutaraldehyde,79 which have been
reported to be potentially toxic to cells.63 On the contrary, the
fibrin−gelatin scaffolds utilized in this study favored cell
growth and proliferation with a negligible dead cell count,
indicating that the dual-step cross-linking imposed no toxicity
on the cell population encapsulated within the constructs. In
the future, we will seek to assess the efficacy of these cardiac
constructs made from CM to engraft and limit cardiac left
ventricular remodeling acutely after infarction in a rat model
also.72

Cardiomyogenesis refers to the renewal and growth of
cardiomyocytes lost in injury or disease. A major limitation in
treating cardiac injury is the failure of current therapies to
induce myocardium regeneration and cardiomyogene-
sis.72−76,80 One possible avenue for resolving this situation is
to engineer cardiac tissues by 3D bioprinting. This technique
can lead to engineered cardiac tissue that can structurally
mimic the anatomy and details of in vivo tissues.72−76,80 In this
study, the herringbone pattern induced cell alignment and
growth and may promote cardiomyogenesis in future in vivo
studies. The importance of designing scaffolds for mimicking
cardiac tissue with appropriate mechanical properties has also
been emphasized by other studies as these scaffolds have
shown to improve cell alignment and supported the cardiac-
specific functionality of the cells embedded.81 The dual cross-
linking procedure included the photo-cross-linking performed
first followed by chemical cross-linking of fibrinogen with
thrombin and CaCl2, which could have possibly imparted
additional stiffness to the bioprinted constructs, in comparison
to our previous work.12 This was done to reduce the exposure
time of the cells to the unreacted RB, which could have
possibly produced a toxic effect on them.82 Therefore, this led
to the formation of a stable, porous, and well-networked
structure, allowing the cells to communicate by crosstalk and
grow well within these scaffolds. Further, this added stability
also lead to the fibrin−gelatin scaffolds exhibiting significantly
lower swelling ratios at later time points compared to the gel-
fu-based scaffolds used in our previous study.12

Troponin I was used to stain positively for the CM as it has
been widely used as a cardiac marker.83 However, it is also
known that troponin I and troponin T are both upregulated
during ischemic heart disease, which also categorizes them as

markers of stress.83 According to our data, the expression for
troponin I was stronger after 5 days of culture compared to
after 24 h (not shown), which implied enhanced cell growth
and expansion in the culture. However, the cells definitely did
not appear stressed or unviable, in which case, they would
appear to be fragmented and undergoing apoptosis. In future,
we will attempt to characterize the CM cultures based on their
expression of other cardiac markers such as α-actinin.84

Myocardin (Myocd) is a potent transcriptional coactivator
expressed exclusively in cardiac myocytes during postnatal
development.85 Myocd is required for maintenance of the
cardiomyocyte structure and sarcomeric organization, and its
loss in cardiac myocytes leads to programmed cell death.85 The
ablation of the Myocd gene is known to be accompanied by
dissolution of sarcomeric organization and apoptosis of cardiac
myocytes.85 Therefore, Myocd is often utilized as a popular
biomarker for depicting the saromeric structure of cardiac
myocytes, as done in this study.

■ CONCLUSIONS

In summary, we formulated a fibrin−gelatin-based bioink
useful toward targeted bioprinting of CM-laden constructs
with mechanical properties identical to that of the native
myocardial tissue. We may encapsulate human iPSC-derived
CM and human CM and CF in these bioprinted scaffolds. The
printed constructs retained good viability after sustained
culture, indicating that the fibrin−gelatin-based bioink is a
promising material for the fabrication of constructs that could
be potentially used to repair the diseased myocardium and
serve as a high-fidelity model for the study of cardiac diseases
and for drug screening. Furthermore, we were successful in
coupling both CM and CF in these visible light-cross-linkable
and bioprinted cell−gel constructs. Although others have used
a combination of different cell types such as endothelial cells
(EC) and smooth muscle cells (SMC) for seeding in a cardiac
construct,86 we were the first to couple CM and CF, the two
most relevant cell types for studying cellular physiology,
interplay, and mechanisms for disease modulation in the
cardiac wall.87 In addition, immunochemistry data obtained in
this study very clearly demonstrated this heterocellular
coupling between CM and CF via Cx43 adhesion junctions,
which is critical for cell−cell interactions. This was confirmed
by the data from the Gap26 dose-dependent study, which
showed linear reduction in cell−cell coupling with increasing
doses of Gap26.
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